C
ongenital differences of the digits are among the most common congenital limb abnormalities. Isolated syndactyly occurs in one per 2000 to 2500 live births, [1] [2] [3] and polydactyly has a reported incidence of up to one in every 600 live births. 4 -6 Certain demographic differences in the incidence of these anomalies are well known. Syndactyly occurs twice as often in boys and is more common in whites than in blacks, 2, 6 whereas polydactyly is 10 times more common in blacks and is only slightly predominant in boys. 6 -8 Nevertheless, the majority of isolated congenital digital anomalies occur spontaneously without any family history. This has led researchers to search for environmental etiologic factors.
The association between several teratogenic medications taken during pregnancy and congenital limb anomalies is now well recognized. These include thalidomide, 9 -12 warfarin, 13, 14 phenytoin, [15] [16] [17] and valproic acid. 18, 19 Procedures during pregnancy such as chorionic villus sampling also have been linked to terminal transverse limb defects. 20 -23 There is growing evidence that prenatal exposures to common substances such as cocaine 24 and alcohol [25] [26] [27] may also produce congenital digital anomalies. The question of whether cigarette smoking during pregnancy increases the risk of having a child with a limb anomaly is more controversial. Although some studies have noted an increased risk of limb reduction defects, 28 -30 others have not. 27, 31, 32 One surveillance study found a higher rate of smoking during pregnancy among mothers of children with polydactyly compared with those of children with other congenital anomalies. 33 A few epidemiologic studies have demonstrated an association between heavy smoking and polydactyly alone 32 or between any smoking with polydactyly and/or syndactyly. 34 Two studies that examined polydactyly and syndactyly separately, however, did not find an association with cigarette smoking. 35, 36 Most of these studies, however, have been limited by small sample sizes and inadequate adjustment for potential confounding factors.
In this study, we used the 2001 and 2002 U.S. Natality database to investigate whether maternal cigarette smoking during pregnancy is a significant risk factor for having a child with polydactyly, syndactyly, or adactyly. A matched casecontrol design and conditional logistic regression were used to control for potential confounding factors. To our knowledge, this is the largest study to date to explore the relationship between cigarette smoking and congenital digital anomalies. 37, 38 The database contains parental demographic information, maternal health risk factors, and newborn health characteristics recorded by a physician or nurse at the time of birth.
METHODS
Maternal tobacco use during pregnancy was reported in all states except California, accounting for 87 percent of all U.S. births. Comparable information on the average number of cigarettes smoked per day was not available for Indiana, New York State (except for New York City), and South Dakota. Tobacco exposure information was available both as a dichotomous response to "tobacco use during pregnancy? yes/no" and as a continuous variable in "average number of cigarettes per day." Because tobacco use was the primary exposure studied, data from California were excluded from the analysis.
Congenital hand and foot anomaly data, including polydactyly, syndactyly, and adactyly, were reported in all states except New Mexico. The operational definitions for these conditions were "Polydactyly is the presence of more than five digits on either hands and/or feet; syndactyly is having fused or webbed fingers and/or toes; adactyly is the absence of fingers and/or toes." These definitions were adapted from a set of definitions compiled by a committee of state and federal health statistics officials for the National Association of Public Health Statistics and Information Systems. Other congenital anomalies included in the U.S. Natality database are anencephalus, spina bifida/meningocele, hydrocephalus, microcephalus, other central nervous system anomalies, heart malformations, other circulatory/respiratory anomalies, rectal atresia/stenosis, tracheoesophageal fistula/esophageal atresia, omphalocele/gastroschisis, other gastrointestinal anomalies, malformed genitalia, renal agenesis, other urogenital anomalies, cleft lip/palate, club foot, diaphragmatic hernia, other musculoskeletal/integumental anomalies, Down syndrome, and other chromosomal anomalies.
Cases consisted of all newborns with polydactyly, syndactyly, or adactyly but without any of the other listed congenital anomalies. A total of 5171 cases with nonsyndromic digit anomalies were identified. Two controls with no congenital anomalies were matched to each case (10,342 controls). Matching variables were mother's and father's race, child's sex, county of birth, and month of birth. When more than two controls were available for a case, the controls were randomly selected. When a control could not be matched to a case based on the exact matching criteria, the month of birth criterion was allowed to vary and controls were randomly selected from matched newborns born during the nearest months. Study subjects without smoking history were excluded. The study sample was obtained from a population of 6 , newborn birth weight (Ͻ2500 g, 2500 to 3999 g, or Ն4000 g), maternal alcohol use during pregnancy (yes/no), and maternal tobacco use during pregnancy (yes/no). Maternal medical risk factors included anemia, cardiac disease, acute or chronic lung disease, diabetes mellitus, genital herpes, hydramnios/oligohydramnios, hemoglobinopathy, chronic hypertension, pregnancy-associated hypertension, eclampsia, incompetent cervix, previous newborn weighing more than 4000 g, previous preterm or small-for-gestational-age infant, renal disease, rhesus factor sensitization, and uterine bleeding.
Crude odds ratios were calculated for maternal tobacco use during pregnancy and the risk of having a newborn with polydactyly, syndactyly, or adactyly using univariate conditional logistic regression models. 40 Cigarette use was stratified into four groups: no smoking during pregnancy, 1 to 10 cigarettes per day, 11 to 20 cigarettes per day, and 21 or more cigarettes smoked per day. The smoking groups were compared with the nonsmoking group to test for a dose-response relationship using a nonparametric test for trend. 41 Demographic and clinical variables with statistically significant differences between cases and controls were considered to be potential confounding factors. Multivariate conditional logistic regression modeling was used to adjust for potential confounding variables. Odds ratios and 95 percent confidence intervals were estimated from the coefficients of the conditional logistic regression models. Statistical significance was set at p Ͻ 0.05.
RESULTS
The U.S. Natality database for 2001 and 2002 contained information on 6522 newborns with polydactyly, syndactyly, or adactyly. A total of 1121 newborns were excluded because they had other associated congenital anomalies (Table 1 ). An additional 230 newborns were excluded because of the lack of information on maternal tobacco use. Thus, 5171 newborns with congenital digital anomalies were selected for the analysis.
Newborn and maternal demographic characteristics are presented in Table 2 . The proportions of black and male newborns in the cases and controls selected for this study were higher than in the general population as a whole. Black newborns represented 14.9 percent and male gender represented 51.1 percent of all live births in the United States in 2001 and 2002. 37, 38 Within the study population, a slightly higher proportion of mothers of children with digital anomalies were unmarried compared with mothers of healthy children. There was no significant difference for any of the other paternal, maternal, or newborn demographic variables.
Maternal demographic and clinical variables that had statistically significant differences between case and control groups are listed in Table 3 . In addition to unmarried marital status, mothers of children with digital anomalies were more likely to suffer from a number of medical conditions, including anemia, cardiac disease, lung disease, diabetes, hydramnios or oligohydramnios, pregnancy-associated hypertension, incompetent cervix, previous delivery of a preterm or small infant, and rhesus factor sensitization. There was no significant difference between cases and controls with regard to lack of prenatal care, time point when prenatal care began, maternal alcohol use during pregnancy, or any of the other medical risks not listed in Table 3 . All of the significantly different maternal variables listed in Table 3 were considered potential confounders and were included in the multivariate analysis. Volume 117, Number 1 • Congenital Digital Anomaly
Maternal tobacco use during pregnancy for cases and controls is shown in Table 4 . The unadjusted odds ratio for any use of cigarette smoking compared with no smoking during pregnancy was 1.33 (95 percent CI, 1.21 to 1.47). Table 5 shows the number of cases and controls stratified by maternal smoking level (none, 1 to 10, 11 to 20, and 21 or more cigarettes per day). Compared with the reference (nonsmoking) group, the relative odds of having an infant with a digit anomaly increased from 1.29 (95 percent CI, 1.15 to 1.46) for 1 to 10 cigarettes smoked per day to 1.38 (95 percent CI, 1.12 to 1.71) for 11 to 20 cigarettes per day to 1.78 (95 percent CI, 0.97 to 3.26) for 21 or more cigarettes per day during pregnancy.
Multivariate conditional logistic regression analysis indicated the risk of having a child with a congenital digital anomaly in mothers who smoked during pregnancy compared with those who did not remained significantly higher (adjusted odds ratio, 1.31; 95 percent confidence interval, 1.18 to 1.45), even after adjusting for the variables in Table 3 . The attributable risk percentage in the exposed was 23.7 percent, and the population-attributable fraction was 3.5 percent. In the stratified multivariate analysis, adjustment for the potential confounding factors also did not change the odds ratios significantly. The relative odds of having a child with a digit anomaly increased from 1.27 (95 percent confidence interval, 1.12 to 1.44) for 1 to 10 cigarettes per day, to 1.38 (95 percent confidence interval, 1.12 to 1.71) for 11 to 20 cigarettes per day, to 1.57 (95 percent confidence interval, 0.84 to 2.93) for 21 or more cigarettes per day.
DISCUSSION
This study found that cigarette smoking during pregnancy was significantly associated with an increased risk of having a newborn with polydactyly, syndactyly, or adactyly. The association remained significant even after adjusting for potential confounding variables. This finding is consistent with the results of a study by Honein et al. 34 that attempted to assess the validity of U.S. birth certificate data for estimating the association between maternal smoking and congenital anomalies. They reported an increased prevalence ratio of 1.33 (95 percent confidence interval, 1.23 to 1.43) for polydactyly, syndactyly, or adactyly but found no significant dose-response relationship. 
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These results are not corroborated by other studies. Kelsey et al. 32 analyzed the risk of polydactyly and syndactyly by the amount of smoking and found the relative risk to be 0.6 and 1.6 in mothers who smoked 1 to 20 cigarettes per day and more than 20 cigarettes per day, respectively, when compared with nonsmoking mothers. These findings were based on a total of 50 isolated and syndromic cases identified primarily from Connecticut general hospitals, and no p values or confidence intervals were given. Shiono et al. 35 found no association in a large health maintenance organization study population for both polydactyly (odds ratio, 1.0; 95 percent confidence interval, 0.6 to 1.6) and syndactyly (odds ratio, 0.7; 95 percent confidence interval, 0.3 to 1.5). In a birth certificate-based study in Washington State, Van den Eeden et al. 36 found no association with maternal smoking for polydactyly (relative risk, 0.9; 95 percent confidence interval, 0.6 to 1.5), syndactyly (relative risk, 1.0; 95 percent confidence interval, 0.6 to 1.7), and adactyly (relative risk, 0.9; 95 percent confidence interval, 0.3 to 2.9). These two studies also included both isolated and syndromic cases, and in all instances results were based on less than 100 cases per group. The pur- Volume 117, Number 1 • Congenital Digital Anomaly pose of each of these studies was to examine congenital anomalies as a whole rather than specifically digital anomalies. Thus, when analyzed for congenital digital anomalies alone, they suffer from small sample size limitations 32, 35, 36 and incomplete adjustment for other known risk factors such as race, 32, 36 child's sex, 32,34 -36 and alcohol consumption. 32,34 -36 Although alcohol use is often associated with cigarette smoking and several case reports have found an association between alcohol use and congenital digital anomalies, 25, 26 maternal alcohol consumption was not a risk factor in this analysis. Maternal alcohol use during pregnancy is substantially underreported in birth certificate data. 38, 42 Increasing public awareness of the risks of alcohol consumption during pregnancy has probably contributed to this underreporting. This study also identified a number of maternal medical conditions as potential confounding variables. Although three of these variables-married status, lung disease, and having a previous preterm or small infant-were associated with maternal smoking, each of the variables listed in Table III was independently associated with having a child with a digital anomaly even after adjusting for tobacco use. Of these, only diabetes mellitus has been previously linked to an increased risk of digital anomalies, 43 but no systematic studies have corroborated these results. Several of the maternal medical risk factors, such as anemia and cardiac disease, could be markers for vascular compromise of a limb, a recognized mechanism for congenital limb deficiencies. 44 Unfortunately there is no information on the relative severity of the medical conditions in the data. The sensitivity of birth certificates to measure maternal medical risk factors is low, but the specificity is high. [45] [46] [47] Nevertheless, adjusting for these potential confounding factors did not affect the results substantially. Additional studies are needed to explore the association of these risk factor and congenital digital anomalies.
The demonstration of a dose-response relationship between an exposure and a disease is an important criterion toward establishing causation. 48 This study revealed a statistically significant dose-response effect with increased odds of having a newborn with a congenital digital anomaly with increased maternal cigarette smoking during pregnancy. This finding was generally consistent with the case-control study performed by Kelsey et al., 32 which showed an increased risk of having a newborn with polydactyly or syndactyly in women who smoked more than 20 cigarettes per day. They, however, suggested that women who smoked 20 cigarettes or fewer per day were at no higher risk than those who did not smoke at all. In this study, smoking as few as 1 to 10 cigarettes per day during pregnancy was associated with a statistically significant increase in risk.
One of the major advantages of this study is that it is population-based, covering over 84 percent of U.S. births. The large sample size is well suited for epidemiologic studies involving rare diseases and low exposure rates. The system used to register birth certificates is standardized, and primary care physicians and nurses record the congenital anomalies. Because specialists do not diagnose the digital differences, perhaps only the more obvious cases are noted. It is possible that some controls may have subtle, unrecorded digital anomalies. Some cases may have unobserved associated anomalies at the time of birth, leading to improper inclusion in this study. Both of these situations would skew the estimated odds ratios toward the null hypothesis. Therefore, the estimated odds ratios may be an underestimate of the true risk.
The presence of polydactyly, syndactyly, or adactyly was coded as a single dichotomous variable in the database even though these conditions are etiologically distinct. There was no information recorded on the location (hands versus feet, unilateral versus bilateral, preaxial versus postaxial) or the severity, functional or cosmetic, of the congenital anomaly. Because only general, imprecise definitions of poly- Plastic and Reconstructive Surgery • January 2006 dactyly, syndactyly, and adactyly are given in the guidelines for completing birth certificate forms, it is unclear how health care practitioners interpreted and coded these conditions. There may be differences in interpretation of the definitions between geographical regions, hospitals, or even individual health care providers throughout the United States. It was also difficult to determine whether only isolated digital anomalies were included in the analysis after excluding the 1121 newborns with concomitant anomalies listed in Table I . For example, it is likely that children with the VACTERL association were not included, as those listed as having heart malformations, rectal atresia/stenosis, tracheoesophageal fistula/esophageal atresia, renal agenesis, other urogenital anomalies, and other musculoskeletal/integumental anomalies were excluded. In contrast, newborns with anomalies that are less likely to be diagnosed at birth, such as Poland syndrome, may not have been adequately excluded. Although this study benefits from a large sample population, the complexities of classifying these digital anomalies cannot be captured. It is possible that many previous studies did not find an association between maternal smoking and congenital digital anomalies because of differing definitions and methods of case ascertainment. Most of the previous studies did not exclude syndromic cases. 32, 35, 36 Some studies 32,34 combined polydactyly and syndactyly, whereas the others separated these entities. 33, 35, 36 Kelsey et al. 32 selected cases based on diagnoses made up to 1 year after birth. The other studies selected cases based on diagnoses made during the perinatal period. [33] [34] [35] [36] This study used birth certificate data and was therefore most directly comparable to the studies of Honein et al. 34 and Van den Eeden et al. 36 The current standard U.S. birth certificate does not include information on the time of exposure to potential risk factors. It cannot capture detailed tobacco exposure data such as whether a woman smoked before pregnancy, smoked until she learned that she was pregnant, or reduced her cigarette use during pregnancy. 49 Estimates of the sensitivity and specificity of maternal smoking data recorded on birth certificates range from 53 to 89 percent and 92 to 99 percent, respectively. 42, [45] [46] [47] Some researchers report the stigma associated with tobacco use may be exacerbated in cases of poor birth outcome, leading to the reduced sensitivity of the tobacco data. 37,38,49 -52 Other authors have shown that maternal knowledge of the severity of the newborn's anomalies do not significantly affect recall of maternal cigarette exposure. [53] [54] [55] If case mothers who had smoked during pregnancy reported that they had not, the results of this study may underestimate the true risk. In the future, birth certificates will be able to report maternal tobacco data with greater precision. The 2003 revision of the U.S. Standard Certificate of Live Birth includes new questions on smoking behavior during the 3 months before pregnancy and for each trimester of pregnancy. 49, 56 
CONCLUSIONS
This study indicates that maternal smoking during pregnancy is a statistically significant risk factor for having a newborn with polydactyly, syndactyly, or adactyly. Moreover, even smoking levels of one-half pack per day or less increased the risk of having a child with a congenital digital anomaly. Given the considerable number of women who report smoking during pregnancy (12.0 and 11.4 percent of women who gave birth in the United States in 2001 and 2002, respectively), even the moderate increase in risk posed by tobacco exposure has the potential to impact thousands of children. This study adds to the already substantial evidence that smoking during pregnancy has deleterious effects on newborns. Health professionals should make more efforts to increase awareness of the dangers of smoking to women. 
